This paper deals with thermo-regulation in human dermal part in a cold atmosphere with significant air flow. The mathematical model involving bio-heat equation has been solved using finite element method and Crank-Nicolson technique to numerically investigate two dimensional temperature distributions. The natural three layers of dermal part -epidermis, dermis, and subcutaneous tissue are considered for the study. The important parameters like blood mass flow rate, metabolic heat generation rate and thermal conductivity are taken distinct in each layer according to their distinct sub-regional activities. The human subject is assumed in static condition. The wind speed is considered in the range from the start of forced convection ( 0.2 m/s) and up to 5 m/s. The loss of heat from the skin surface to the environment is taken due to convection, radiation, and insensible perspiration.
INTRODUCTION
Human body maintains its body core temperature constant within small range between (37 -0.6) 0 C and (37 + 0.6) 0 C. The skin and subcutaneous tissue (SST) is the major organ that controls heat and moisture flow to and from the surrounding environment [1] . SST plays a key role for heat transfer within human body, and hence there is the variation of temperatures in the region in accordance with surrounding temperatures which is composed of three layers: epidermis, dermis, and subcutaneous tissue. The layer's geometry is irregular at the junction of the dermis where the epidermis projects into the dermis like cone called epidermal ridges (Fig. 1 ).
Heat distribution and temperature variation within tissue are related to the blood flow rates in arteries and veins, the blood flow perfusion through capillary tubes in tissue, the metabolic heat generation rate and heat conduction within tissue [2] . Thus the distribution of blood vessels in the layers of dermal part play an important attribute about the variation of biophysical and physiological quantities like the rate of blood mass flow, the rate of metabolic heat generation and the thermal conductivity in the layers of dermal region in accordance to its position. Epidermis contains dead cells; hence, there is no blood flow and no metabolic activity. The density of blood vessels increases gradually from the interface of epidermis and dermis towards subcutaneous tissue and become 12 almost uniform in subcutaneous tissue. This gives us some idea about the variation of thermal conductivity, blood mass flow rate and metabolic heat generation rate in the layers of dermal region. The temperature variation within dermal region also depends on the geometry of the body and interaction between the human skin surface and surrounding. So, surrounding air flow is an important characteristic for temperature distribution within SST region. The loss of heat from the human body due to cold environment is quantified by convection air flow and radiative heat transfer on the skin surface. The faster the flow of air around the body, the thinner the boundary layer of air on the body's surface, and hence the lower the thermal insulation afforded the subject. The process of convection from heated sources such as human skin is classified as natural convection, and forced convection. The ambient air speed, v < 0.1 m/s and  0.2 m/s are considered respectively for natural convection and forced convection [3] . deDear et al. [3] recommended that the whole body natural convection coefficient for seated and standing thermal manikin are 3.3 and 3.4 W/m 2 -K respectively.
Over the years many attempts have been made for empirical study of forced convection heat transfer concerning whole human body. The equation describing the dependence of whole body forced convection heat transfer coefficient, h c on air speed, v is as follows
with most authors indicating n in the range of 0.5 to 0.6. deDear et al. [3] measured a value of B = 10.1, n = 0.61, and B = 10.4, n = 0.58 for whole body in static condition in seated and standing postures, respectively. However, regardless of posture, they recommended a general forced convection heat transfer coefficient of the body as
This is across a range of wind speed from the start of forced convection up to 5 m/s, and the value of 4.5 W/m 2 -K for the radiative heat transfer coefficient, h r for the whole body.
When human body is exposed to cold environment it experiences different types of thermal stresses based on skin surface temperature. A hand skin surface temperature of 20 0 C is considered to be uncomfortably cold, 15 0 C to be extremely cold, and 5 0 C to be painfully cold [4] . Many models have been developed for SST temperature distribution profile at normal and abnormal ambient temperatures for still air [5] [6] [7] [8] [9] . Earlier experimental investigations were made by Patterson [10] to obtain temperature profiles in the SST Region. The present study considers the effect of air flow with wind speed, v in the range between 0.2 to 5 m/s to predict the temperature variation in dermal layers irrespective of low surrounding temperatures.
BIO-HEAT TRANSFER EQUATION
Since the appearance of Pennes' bio-heat equation [11] variety of models on heat transfer in different tissue of human body have been proposed [12] [13] [14] [15] [16] [17] . Pennes' equation suggest the consideration of blood perfusion to transfer heat from the blood to the tissue by Fick's principle and the heat rate on a volumetric basis is proportional to the volumetric blood perfusion rate and to the difference between the arterial and venous blood temperature. Pennes' bio-heat equation is one of the most useful approaches for predicting temperature variation in human body due to its computational simplicity and flexibility. It can be transformed into finite element method model. Following Pennes' suggestion, the thermal balance for perfused tissue considers the effect of blood perfusion and metabolism. These two effects were incorporated into the standard thermal diffusion equation given below:
where , c, and K are the density, specific heat and thermal conductivity of skin tissue, respectively;  b and c b are the density and specific heat of blood; w b is the blood perfusion rate measured in volume of blood per volume of tissue per time; T a and T are the temperature of arterial blood and skin tissue, respectively; q met is the metabolic heat generation rate per unit volume.
Perl 17 used Eq. (2.1) to illustrate heat distribution and tissue blood flow in body tissues by analyzing existing steady state and transient data obtained by Gibb's thermo electric probe method. Chao et al. [18, 19] applied analytic method to solve steady and unsteady models to predict the temperature variation in regional dermal layers. Saxena [4] used Eq. (2.1) to find analytic solution for temperature distributions in the layers of dermal part by taking various values of parameters. Arya and Saxena [20] made attempt to study two dimensional steady state temperature distribution problems in skin and subcutaneous tissue for various values of environmental temperatures. Saxena et al. [9] used Eq. (2.1) to investigate the temperature distribution in human dermal part exposed to various values of environmental temperatures using quadratic shape function FEM approach. Gurung et al. [5] used Eq. (2.1) to study unsteady state temperature variation in dermal layers considering quadratic field variable. Agrawal et al. [21] constructed two dimensional thermal distributions model in dermal layers of elliptical shaped human limbs involving metastasis of tumors. Gurung and Saxena [6] used Eq. (2.1) to construct a model for one dimensional transient temperature distribution in human dermal part with protective layer at low atmospheric temperature.
MATHEMATICAL MODEL AND METHODS
We re-model the bio-heat Eq. (2.1) for two dimensional case by incorporating regional activities distinctly corresponding to the natural layers. Even inside the same layer, there exists large non-homogeneity and anisotropy due to the presence of blood vessels. Blood mass flow rate and metabolic heat generation rate rely on density of blood vessels at different depths. Therefore, it is reasonable to consider M = w b  b c b and q met negligible in epidermis, constant throughout in subcutaneous tissue and less than the values of subcutaneous tissue in dermis.
In the model, the skin has been considered as a vertical cross-section of two dimensional rectangular SST regions with body core along x-axis and the thickness along y-axis ( Figure 1 ). The whole SST region is discretized into 120 nodal elements with triangular shape having in total 77 nodes with 36 nodal elements for subcutaneous tissue, 54 nodal elements for dermis, 6 nodal elements for epidermal part projected into the dermis, and 24 nodal elements for epidermal part not penetrating the dermis.
Due to the minute thickness of the regions and for the simplicity of calculation, the linear shape functions are considered to approximate the temperature profiles. Thus, for general nodal element, e, we take 
where x and y are cartesian coordinates.
In the two dimensional discretization of the skin and subcutaneous tissue the thickness ' a ' of SST region has been taken along y-axis, and the loss of heat from the outer skin surface has been considered due to convection, radiation, and insensible perspiration. Thus the heat flux from outer skin surface is given by
where h com = h c + h r , T atm , L, and E are, respectively, combined heat transfer coefficients due to convection and radiation, atmospheric temperature, latent heat of evaporation, and rate of sweat evaporation. The transport of heat within tissue occurs along normal to the skin surface from body core, and hence we can assume negligible heat flux in x-direction. So the other boundary conditions are assumed to be
with the initial condition
where w is the total width of the skin taken along x-direction. The boundary conditions (Eq. (3.4) and Eq. (3.5)) correspond to the situation when there is no outward normal flow from the boundaries AB and CD.
SOLUTION
The dermal layers are inhomogeneous and irregular. Therefore, we can use finite element method technique based on variational principle.
The variational integral
in optimum form is equivalent to Euler-Lagrange differential equation [Myers] .
If the finite element equations are derived on the basis of a variational principle, the boundary conditions (Eqs. (3.4), (3.5) and (3.6)) will be automatically incorporated in the formulation; hence only the boundary condition (3.3) is to be enforced on the solution [22] . The partial differential Eq. (3.2) coupled with boundary condition (3.3) in two dimensional unsteady state case and compared with Euler-Lagrange differential Eq. (4.2) is transformed into the following variational form [23] :
where A is the area of the region of dermal part considered and B is the total width of outer skin boundary.
In the model, the finite element discretization consists 120 elements, So 
Here A (e) is the area of the nodal element (e), and B (e) is the width of the element lying at the outer skin boundary. In the finite element discretization, the nodal elements with numbers 20, 40, 60, 80, 100, and 120 are at the outer skin boundary of the SST region. B (e) is employed for these elements only. where T, the transpose of the row matrix  
, is to be determined. P and C are square matices of order 77  77 and B is a column matrix of order 77  1. The values of the elements of these matrices depend on the values of biophysical and physiological parameters.
The system of ordinary differential Eqs. (4.9) has been solved using the Crank-Nicolson method. This method gives the solution of the system with regard to time according to the relation The skin temperature of 32 0 C pertains to a thermo neutral condition when the human body is exposed to cold environment [24] . Accordingly, we consider 
NUMERICAL RESULTS AND DISCUSSION
The nude human subject is assumed to be exposed to cold environment with various ambient temperatures. This result constriction of blood vessels causing decrease in blood mass flow rate in blood vessels which in turn decreases the heat carried by blood to the skin surface. This causes increase in metabolic heat generation rate to keep core temperature constant. To solve Eqs. (4.10), we take the following values of parameters in the layer-wise elements of the dermal region of the discretized fig. 1 as given in Table 1. 19 
(i)
The Figures show that the steady state temperature of the SST region changes markedly towards the outer skin surface from the body core with the change in environmental temperature at an equal wind speed. This is because of heat loss through the skin surface, and the fat deposited in subcutaneous layer acting as heat insulator to the body. (ii)
Effect of wind flow on the temperature distribution at an equal environmental temperature for various wind speed are noticed from the nodal temperatures shown in Figs. 3 -7 . In these figures, it can be seen that the variation of tissue temperature occurs more towards skin surface from the body core. This is due to increase in heat loss from the outer skin surface to the environment for the increase of wind speed. (iii) From the figures it is observed that the body experiences extremely cold below the environmental temperature of 2 0 C at wind speed 2 m/s. But body starts to experience painfully cold at an environmental temperature of -5 0 C and wind speed 2 m/s.
CONCLUSION
A model based on Pennes equation has been constructed to simulate the physiological responses to heat and cold in nude human subject at various wind speed. The physiological thermo-regulation involves changes in blood mass flow rate, metabolic heat generation rate and thermal conductivity of tissue in accordance with the layers of dermal part. It can be used to predict the cold environment temperature and wind speed that causes thermal stresses to human body by establishing the temperature profiles for skin surface. The model has used the explicit convection heat transfer relation of de Dear et al. 
